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Gravitational waves generated by the coalescence of compact bi-
nary open a new window to test the fundamental properties of
gravity in the strong-field and dynamical regime. In this work, we
focus on the parity symmetry of gravity which, if broken, can leave
imprints on the waveform of gravitational wave. We construct gen-
eralized waveforms with amplitude and velocity birefringence due
to parity violation in the effect field theory formalism, then ana-
lyze the open data of the ten binary black-hole merger events and
the two binary neutron-star merger events detected by LIGO and
Virgo collaboration. We do not find any signatures of violation of
gravitational parity conservation, thereby setting the lower bound
of the parity-violating energy scale to be 0.07 GeV. This presents
the first observational evidence of the parity conservation of grav-
ity at high energy scale, about 17 orders of magnitude tighter than
the constraints from the Solar system tests and binary pulsar ob-
servation. The third-generation gravitational-wave detector is ca-
pable of probing the parity-violating energy scale at O(102) GeV.
Symmetry is an essential characterization of the fundamental the-
ories of modern physics. Therefore, it is important to test the conser-
vation of these symmetries experimentally. In this work we focus on
the parity symmetry which indicates the invariance of physical laws
under reversed spatial coordinates. It is well-known that parity is con-
served for strong and electromagnetic interactions but is broken in the
weak interaction as firstly confirmed by the experiment of beta-decay
in cobalt-60 1. The gravitational parity is conserved in Einstein’s gen-
eral relativity (GR). Nevertheless, various parity-violating gravity mod-
els, including Chern-Simons gravity 2, ghost-free scalar-tensor gravity
3, the symmetric teleparallel equivalence of GR theory 4 and Horˇava-
Lifshitz gravity 5, 6 have been proposed for different motivations. In
particular, in some fundamental theories of gravity, such as string the-
ory and loop quantum gravity, the parity violation in the high energy
regime is inevitable 2. However, the observational evidence for gravity
at high energy scale is limited. In this work we report the first evidence
for gravitational parity conservation at GeV scale from the gravitational
wave (GW) observation.
We first construct the generalized GW waveform generated by
compact binary coalescence (CBC) with parity violation using the ef-
fective field theory (EFT) formalism. In particular, we assume all
modifications to GR-based GW waveform only arise from the prop-
agation effect, and ignore the parity-violating generation effect caused
by a modified energy loss, inspiral rate, and chirping rate of the bi-
naries. This assumption is justified since the generation effect occurs
on a radiation-reaction timescale, which is much smaller than the GW
time of flight, thus its impact on the evolution of the GW waveform is
negligible 7.
EFT provides a systematic framework to encode all kinds of mod-
ifications to an existing theory that could arise given certain new
physics, thus simultaneously testing a range of modified gravity the-
ories at once. To investigate the possible propagation effect due to
parity violation, we consider the perturbation theory of gravitational
field. Compared with GR, EFT suggests that the leading-order modifi-
cation comes from two terms with three derivatives, i.e., ijkh˙il∂j h˙kl
and ijk∂2hil∂jhkl with ijk the antisymmetric symbol and hij the
tensor perturbation of metric, ∂j and a dot denote the derivatives with
respect to spatial coordinates and time, respectively 8. Both terms are
parity-violating. Dimensional analysis dictates that these new terms are
each suppressed by an energy scaleMPV. This EFT with leading-order
extensions to GR can describe the GW propagation effect with parity
violation from all the existing modified gravity models in the market 9.
Given the parity-violating terms, the equation of motion for the
GW circular polarization mode hA in a Friedmann-Robertson-Walker
(FRW) Universe is
h′′A + (2 + νA)Hh′A + (1 + µA)k2hA = 0 , (1)
where A = L or R stands for the left- and right-hand modes, H is the
Hubble parameter, k is the wave-number, a prime denotes the derivative
with respect to the conformal cosmic time. Note that µA = νA = 0
would reduce Eq. (1) to GR. The emergence of the term µA and νA
is due to the parity violation effect. Dimensional analysis induces
that both terms relate to the energy scale by µA ∝ ρAk/MPV and
νA ∝ ρAk/MPV with ρR = 1 and ρL = −1, the broken parity
leads to asymmetry between the left- and right-hand circular polariza-
tion modes of GW during propagation. In particular, the opposite sign
of µA (as well as νA) for different modes leads to the birefringence
effect of GWs, which is a characterized phenomenon for GW propa-
gation in the parity-violating gravity. We find that the parity violation
can affect the propagation of the GWs in two ways. The term µA mod-
ifies the conventional dispersion relation of the GWs. As a result, the
velocities of left- and right-hand circular polarization of GWs are dif-
ferent. This phenomenon is always called the velocity birefringence of
GWs. On the other hand, the term νA induces the different damping
rates for two polarization modes when they propagate in the expanding
universe, which is called the amplitude birefringence of GWs. In the
general parity-violating gravities, both effects exist during the propa-
gation of GWs in the universe. For each circular polarization mode,
the former effect exactly induces the phase modifications of the GW
waveform, and the latter one induces the amplitude modifications.
The parity-violating GW waveform in the frequency domain can
be expressed by
hPVA (f) = h
GR
A (f) (1 + ρAδh) e
iρAδΨ , (2)
where f is the frequency, and δh and δΨ are induced by νA and µA,
respectively. It should also be noted that since δΨ is larger than δh by
about 20 order of magnitude 9, it is safe to only take into account the
contribution of δΨ. But we also consider the special scenario where the
amplitude birefringence is the only modification to the GR waveform,
i.e., δΨ = 0 as is the case for, e.g., Chern-Simons gravity.
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Figure 1 | Current and potential lower limits of the parity-violating energy
scales in gravity from various observations. The left panel includes the results
from twelve CBC events and the projected results of third-generation detector net-
work. The right panel includes the results from the LAGEOS satellite in Solar
system 10, that from the double pulsar system PSR J0737-3039 A/B 12, that from
the arrival time difference between GW170817 and GRB170817A, and the poten-
tial result by considering the waveform-independent method developed in 29.
With the waveform Eq. (2), we can perform a direct comparison
with the GW data using Bayesian inference to investigate the parity
violation effect. Up to date, LIGO and Virgo collaboration has de-
tected and released twelve confident CBC events. The catalog GWTC-
1 from the first and second observation runs include ten binary black
hole (BBH) events and a binary neutron star (BNS) event GW170817
14. Recently, a second BNS event, GW190425, has been released 15.
We analyze the open data 16 of the twelve confident events with the
inference module of the open-source software PyCBC 17developed for
GW astronomy, which in turn has dependency on LALSuite 18.
For all the GW events, we do not find any signatures of parity vio-
lation by comparing the Bayes evidence of the parity-violating gravity
with that of GR. Our inference results of the constraint on MPV with
GW events are shown in Fig. 1, where we have combined the con-
straints from the twelve CBC events. It can be seen that the lower
limit of MPV is 0.07 GeV in the general parity-violating models with
velocity birefringence effect. This is tighter than the constraint from
the Solar system and binary pulsar observation by 17 order of magni-
tude. The reason of this dramatic improvement is that, the velocity bire-
fringence effect in the modification of GW waveforms is accumulated
during the propagation of GW signals, and can be greatly amplified
for the distant GW events. We note that this result has direct applica-
tion on constraining a range of specific parity-violating gravity mod-
els with velocity birefringence, including the ghost-free scalar-tensor
gravity 3, the symmetric teleparallel equivalence of GR theory 4 and
Horˇava-Lifshitz gravity 5, 6. The detailed correspondence between the
above modified gravity models and the EFT formalism can be found
in Ref. 9. By similar analysis, the constraint by only considering the
amplitude birefringence modification is MPV > 1× 10−22 GeV. This
result is consistent with Ref. 31 which focuses on testing Chern-Simons
gravity with GW. Compared to the constraint from velocity birefrin-
gence, the loose result for amplitude birefringence is because δh is
negligibly small compared with δΨ and the GW detection is less sen-
sitive to amplitude modification.
With the continuing sensitivity upgrade during the advanced LIGO
and Virgo runs, we expect the future more detections from CBC events
will further improve the constraints on MPV. We also forecast the
projected constraints on MPV from GW measurements in the third-
generation detector era if there is no parity-violation detections. We
consider a detector network consisting of one Einstein Telescope (ET)
in Europe 26 and one Cosmic Explorer (CE) in the U.S. 27. Using Fisher
information matrix approach 28, we consider a GW170817-like source
with equal component mass 1.4M, distance 40 Mpc and the optimal
spatial direction. As shown in Fig. 1, the third generation detectors can
put the lower limit of MPV with velocity birefringence to be O(102)
GeV. In comparison with the current constraints, the bound of MPV is
improved by three orders of magnitude. For the parity-violating grav-
ity with only amplitude birefringence, the constraints on MPV by the
third-generation detector is improved to O(10−20) GeV.
We note that other constraints on the violation of parity symmetry
of gravity have also been derived in various analysis using GW or non-
GW observations. In the following, we briefly summarize these results
to describe the status-of-the-art of the constraint on MPV. The results
are also presented in the Fig. 1 as a comparison of our work.
Waveform-independent constraint from GWs: Our previous work
Ref. 29 develops a waveform-independent way to decompose the left-
and right-hand polarization modes from the observed GW data if the
sky position of the event can be fixed by the observation of its electro-
magnetic counterparts. From the frequency-time representations we
can readout the arrival times of GW in each frequency band. Ac-
cording to the velocity birefringence effect, for a specific frequency
f , the arrival time difference between the two modes is |tR−L| =
(2pif/MPV)
2 ∫ t0
te
a−2dt, where a is the scale factor of the universe,
t0 and te are the cosmic time of the arrival and the emission of the GW
event respectively. This formula gives a direct relation between the ar-
rival time difference and the energy scale of parity violationMPV. Ap-
plying to the mock data, we find that if a nearly edge-on BNS at 40 Mpc
is detected by the second-generation detector network consisting of ad-
vanced LIGO, advanced Virgo, KAGRA, and LIGO-India, one could
derive the waveform-independent bound MPV > 1.4 × 104 eV. At
this writing, the BNS signal GW170817 is the unique GW event with
observed electromagnetic counterparts. However, this event is nearly
face-on with the inclination angle ι ≥ 152◦ 23, thus the right-hand
mode of this event is completely dominant. Therefore, the difference
of the arrival time between the two modes can not be determined from
GW170817.
Constraint from GW speed: The velocity birefringence effect of
GW can be constrained from the speed of GW, which in turn can be
obtained by comparing the arrival time of GW signal and that of the
electromagnetic signal. For the event GW170817/GRB170817A, the
arrival time difference between GW and gamma-ray burst is 1.7 sec-
onds. Assuming the difference of their emission time is less than 10
seconds, the speed of the right-hand circular mode of GW is in the
range−7×10−16 < 1−vR < 3×10−15 30. According to the relation
|vR − 1| = pif/MPV, one can obtain the constraint MPV & 10 eV,
which is consistent with the result in Ref.24.
Constraint from Solar system tests: In the parity-violating grav-
ity, an important feature is that it leads to a change of frame-dragging
effects around rotating objects, which can be used to test the theory.
Focusing on the Chern-Simons gravity, Ref. 10 calculates the linearized
metric of the spacetime around a non-relativistic, constant-density spin-
ning body. It is found that the gravitomagnetic field in the parity-
violating gravity differs from that in GR, which induces the modifi-
cations in the precession of orbits of gyroscopes moving in this space-
time. Using the measurement of Lense-Thirring drag around the Earth
by the LAGEOS satellites, Ref. 10 sets the constraint on the character-
istic Chern-Simons length scale, k−1CS . 1000 km, which corresponds
to MPV & 2× 10−13 eV.
Constraint from binary pulsar: In the parity-violating gravity, the
theory selects a preferred direction in spacetime that corrects the pre-
cession of the orbital plane. Thus, observations of gravitomagnetic
precession can be used to test the validity of the theory. In Refs.11, 12,
the authors focus on the Chern-Simons modified gravity with a time-
2
like Chern-Simons coupling scalar field, and calculate the leading-
order correction to the post-Keplerian parameters of binary systems.
They find that the precession of the periastron is corrected by the
parity-violating term. Using the measurements of the rate of peri-
astron precession in the double pulsar system PSR J0737-3039 A/B,
they obtain a constraint of k−1CS . 0.4 km, which corresponds to
MPV & 5 × 10−10 eV. Note that the constraints of MPV from the
measurements of Solar system and binary pulsar are based on the effect
of frame-dragging modifications in the theory, which is the local effect
rather than the propagation effect. Since the frame-dragging modifi-
cation around rotating objects is a common feature for all the parity-
violating gravities, although these constraints are derived for a specific
parity-violating theory, i.e. Chern-Simons gravity, we expect that the
conclusions are applicable for other theories of parity-violating gravity.
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Methods
In what follows we present our method for inferring the constraint
on parity violation in gravity from GW measurements. We first intro-
duce the explicit GW waveforms from CBC with parity violation in
the EFT framework, then discuss the Bayesian inference to obtain the
constraint with the twelve CBC events. Last we use Fisher informa-
tion matrix to forecast the projected constraint in the third-generation
detector era.
GW waveform In this part we follow Refs. 8, 9, 29 to briefly
review the explicit GW waveform with parity-violation in the
EFT framework. In the FRW universe, the equation of mo-
tion of GW is determined by the following quadratic action 8
S =
1
16piG
∫
dtd3xa3
[
1
4
h˙2ij − 1
4a2
(∂khij)
2 +
1
4
(
c1
aMPV
ijkh˙il∂j h˙kl +
c2
a3MPV
ijk∂2hil∂jhkl
)]
, (3)
where the last two terms with three derivatives correspond to the contri-
bution from parity violation. c1 and c2 are dimensionless coefficients,
which are functions respective to cosmic time in general. From the ac-
tion we can derive the equation of motion of GWs in the vacuum as
shown in Eq. (1). The exact forms for µA and νA are 9
νA = [ρAαν(τ)(k/aMPV)]
′/H,
µA = ρAαµ(τ)(k/a MPV), (4)
where τ is the cosmic conformal time. The functions αν ≡ −c1 and
αµ ≡ c1−c2 are two arbitrary functions of time which can only be de-
termined given a specific model of modified gravity. For the GW events
at local Universe, these two functions can be approximately treated as
constant, i.e. ignoring their time-dependence. Note that we consider
αµ and αν are∼ O(1) by absorbing the order of magnitude intoMPV.
The explicit parity-violating GW waveform can be derived from
solving the equation of motion, as schematically shown by Eq. (2).
The amplitude and phase modifications to the GR-based waveform due
to birefringence take the following parametrized form
δh(f) = −Aνpif, δΨ(f) = Aµ(pif)2/H0, (5)
whereH0 is the Hubble constant. The coefficientsAν andAµ are given
by
Aν = M
−1
PV [αν(z = 0)− αν(z)(1 + z)] ,
Aµ = M
−1
PV
∫ z
0
αµ(z
′)(1 + z′)dz′√
ΩM (1 + z′)3 + ΩΛ
, (6)
where z is the redshift of GW event. In analysis we adopt a Planck
cosmology (ΩM = 0.308, ΩΛ = 0.692, H0 = 67.8 km/s/Mpc) .
We also convert the left- and right-hand GW polarization modes
into the plus and cross modes which are used more often in the context
of GW data analysis. The relation between the parity-violating modes
and the GR modes is
hPV+ (f) = h
GR
+ (f)− hGR× (f)(iδh− δΨ),
hPV× (f) = h
GR
× (f) + h
GR
+ (f)(iδh− δΨ). (7)
The above expression represents the waveform we use to compare with
the GW data.
Bayesian inference with GW observation Bayesian inference
is broadly used in the field of GW astronomy for parameter estimation
and model selection. Given the data d of the GW strain from detectors,
Bayes theorem claims
P (~θ|d,H, I) = P (d|
~θ,H, I)P (~θ|H, I)
P (d|H, I) , (8)
where H is the assumed theoretical model which is GR or parity-
violating gravity models in this work. ~θ are the parameters charac-
terizing H , I is any other background information. P (~θ|H, I) is the
prior distribution for ~θ and P (d|~θ,H, I) is the likelihood for obtain-
ing the data from a specific set of model parameters. The posterior
P (~θ|d,H, I) contained all the information about the results of param-
eter estimation.
The GW detector noise is assumed to be Gaussian and stationary,
therefore the likelihood function is
P (d|~θ,H, I) = exp
[
−1
2
N∑
i=1
〈d− h(~θ)|d− h(~θ)〉
]
, (9)
where h(~θ) is the GW waveform template for parity-violating gravity.
The inner product 〈a|b〉 is
〈a|b〉 = 4R
∫
a(f)b∗(f)
Sh(f)
df, (10)
3
where Sh(f) is the one-side noise power spectral density (PSD) of the
GW detectors.
To select the model favored by observation d, normalizing both
sides of Eq. (8), the Bayes evidence can be obtained
P (d|H, I) =
∫
d~θP (d|~θ,H, I)P (~θ|H, I). (11)
Bayesian ratio is defined as the ratio of evidence of two competitive
models H1 and H2
B12 = P (d|H1, I)
P (d|H2, I) . (12)
The odds ratio between model H1 and model H2 can be expressed by
O12 = P (H1|d, I)
P (H2|d, I =
P (d|H1, I)
P (d|H2, I)
P (H1|I)
P (H2|I) = B
1
2
P (H1|I)
P (H2|I) . (13)
If the competitive models are assumed to be equally likely before any
measurement, then odds ratio is equal to Bayesian ratio.
In this work, we use the inference module of the open-source
software PyCBC with the open data from 16. For the GR waveform
hGR(f), we use the IMRPhenomPv2 19, 20 waveform for analyzing
BBH events and IMRPhenomD NRTidal 21 for BNS events. The
parity-violating waveform is constructed based on the above template
through Eq.(7). We perform parameter estimation by selecting 16s data
for BBH and 200s data for the two BNS events to account for the long
waveform. The data is sampled at 2048 Hz and the likelihood is eval-
uated between 20 Hz and 1024 Hz. The PSD is generated from 1000s
data using the median estimation with 8s Hann-windowed segments
and overlapped by 4s 17. The posterior distribution are sampled by the
nest sampling software dynesty 22 over the fiducial BBH and BNS
source parameters plus the parity-violating parameters Aµ for velocity
birefringence or Aν for amplitude birefringence. Since we do not find
violation of GR and aim for putting a lower limit to MPV, we ignore
the calibration error from GW detectors, thus our lower limit should
be interpreted as a conservative result for constraining MPV. Other
settings can be found in our released data.
Fig. 2 shows the marginalized posterior distribution for Aµ for ve-
locity birefringence. From the figure we can see that the GR value
Aµ = 0 is within the 90% confidence level for every event. We also
numerically verified that the Bayes ratio between the parity-violating
gravity and GR is larger than exp(5) for every event, which provides
the evidence for gravity parity conservation from GW observation.
The relatively low-mass BBH events, such as GW151226,
GW170608, GW170814 and the two BNS events give tighter con-
straint on Aµ. This is because the velocity birefringence contribution
corresponds to a 5.5 post-Newtonian (PN) order modification to the
GR waveform. Therefore, the low-mass events with higher cut-off fre-
quency and longer waveform have better constraints on such a high PN
order contribution.
For converting Aµ into MPV, we absorb the absolute value of αµ
into the definition of MPV, which is equivalent to set |αµ| = 1 in the
calculation. Afterwards, the parameter MPV can be converted from
Aµ and redshift z by Eq. (6). The cumulative posterior distribution of
MPV for each event is shown in Fig. 3. It is straightforward to combine
the posterior onMPV from each event to give an overall constraint with
all GW events by
p(MPV|{di}, H, I) ∝
N∏
i=1
p(MPV|di, H, I) (14)
where di denote the i-th GW event. We can observe that the 90% lower
limit for MPV is 0.07 GeV. This represents the first observational con-
firmation of gravitational parity conservation in GeV scale.
Figure 2 | Violin plots of the full posteriors on the parameter Aµ The results
are obtained from the twelve GW events, the region between the upper and lower
bar denote the 90% credible interval, the bar at the middle of each posterior de-
notes the median value. The GR value Aµ = 0 is within the 90% confidence
interval for each event.
Figure 3 | The reversed cumulative density distribution (CDF) forM−1PV . The
inference results for the parity-violating energy scale for velocity birefringence are
plotted. Both the results from individual GW event and the combination of all the
events are considered. The abscissa value of the “x” marker represents the 90%
lower limit forMPV , which is 0.07 GeV.
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Forecasts for third-generation detectors In order to estimate
the potential constraint by the future GW observation in the third-
generation detector era, we employ the Fisher matrix approach 28. It
has been shown that Fisher matrix is accurate enough to estimate the
parameter in high signal-to-noise ratio regime, which is the case for the
third generation GW detectors. In the case of a single interferometer a
(a = 1, 2, 3, · · ·), the Fisher matrix is given by
Λaij = 〈hai (f)|haj (f)〉, hai ≡ ∂ha(f)/∂θi, (15)
where θi denote the free parameters to be estimated. We consider an
assumed third-generation detector network consisting of one ET (in-
cluding three interferometers) in Europe and one CE in the U.S.. The
Fisher matrix for the combination of the individual interferometers is
the sum of the individual ones. Once the total Fisher matrix Λij is
derived, an estimate of root-mean-square error, ∆θi, in measuring the
parameter θi can then be calculated in the limit of large signal-to-noise
ratio, by taking the square root of the diagonal elements of the inverse
of the Fisher matrix, i.e. ∆θi = (Λ−1)
1/2
ii .
In this work, we investigate how the constraint onMPV depends on
total mass and luminosity distance of GW sources. Since the effects of
velocity birefringence are much more significant than amplitude bire-
fringence as discussed, we consider the case in which only the phase
birefringence is included. The masses of two components are assumed
to be equal and the sky position is chosen to be the optimal direction
for the detection.
The result is shown in the Fig. 4. We consider a mass range of
[5, 50]M and a redshift range of [0.01, 1]. For the nearest and lightest
sources, the constraints can reach toO(102) GeV. A noticeable feature
is that for the sources at a fixed redshift z, as the mass increasing, the
constraints become worse first but turn better for heavy sources. For
lighter binaries, the longer waveform is beneficial to constrain MPV,
while the heavier binaries have larger signal-to-noise ratio. We also
plot the signal-to-noise ratio in Fig. 4 to show this trend.
Figure 4 | The projected constraints forMPV from the third-generation GW
detectors. Assuming there is no parity-violation, the constraint for the lower limit
of the parity-violating energy scale for velocity birefringence is plotted. The best
constraint come from the nearest and the lightest source, which gives MPV >
O(102) GeV.
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